Acoustic radiation forces are hydrodynamic forces exerted through the interaction of the acoustic field with the particles contained in it [1] [2] [3] [4] [5] . Devices which can levitate or manipulate objects using acoustic radiation forces are typically referred to as acoustic levitators. FIG. 1 (b) . The acoustic radiation force was numerically approximated using the Gor'kov potential assuming that the particle (EPS, ρ p = 34.0 kg m −3 ) is small (radius, r = 0.71 ± 0.03 mm) in comparison to the wavelength 5,31 (λ = 8.6 mm). The particle used in the experiment was visually inspected for deformations, the roundness of the particle was measured as 0.938 (see supplementary material).
The restoring force in the vicinity of the equilibrium point for the central node in the acoustic levitator is approximated as a sinusoidal force function, assuming that acoustic radiation force only varies with the vertical displacement (z): excitation either by a mechanical vibration, e.g. from a shaker, or by changing the acoustic pressure field to move the nodal position. In the experiment, the latter method was used and the acoustic pressure field was varied by changing the focal point of the phased-array, thus moving the nodal positions of the standing wave. For a small value of z p , equation (1) is analogous to a base-excited pendulum [32] [33] [34] [35] and the input perturbation can be considered as a parametric excitation (see supplementary material). In comparison, the commonly employed linear model of this system is identified by finding the linear stiffness (K L ) around the equilibrium point, which can be calculated by differentiating F rad over z which gives 6 :
where
The dynamics of the system can be explored by approaches such as the random excitation, sine-sweep, or a stepped sine-sweep 36 . Here, a stepped-sine method was used and by varying the focal point with a sinusoidal function (z p = z o + A in sin(2πΩt)) at a constant frequency
(Ω), z-axis offset (z 0 ) and amplitude (A in ). The coefficients given in equation (1) hold true with minimum R 2 =0.998 for the range of z − z p shown in this paper. The damping force was calculated as 37, 38 :
(2r) 2 ρ a |ż|ż, where the damping coefficient is
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Re, and where Re = (2r|ż| ρ a )/µ is the Reynolds number. This is applicable for Re ≤ 100 and assumes that history forces and added mass are negligible in air. Balancing the inertial and force components gives:
where F grav = −mg is the gravitational force and F rad is given by equation (1) . For a linear stiffness model, the forces inside the bracket are replaced by equation (2) . Equation and it can be used to compute periodic solutions, determine their stability and identify bifurcations 39 . These solutions may be considered accurate to within the tolerances of the numerical solver. One drawback in the use of numerical tools, in comparison to analytical approaches, is that they reveal less about the nature and root cause of the dynamic behaviour. However, such a study is beyond the scope of the current work. respectively. The movement of the particle was captured by a high speed camera (Photoron FASTCAM SA-Z Type 2100K-M-32GB) and the silhouette of the levitated particle was recorded at a sampling frequency of 1001 Hz. The camera was calibrated using a CMMstylus (Renishaw A-5000-7806) to find the pixel-to-meter conversion (3.29 × 10 −5 m pix −1 ).
The high-speed camera data was processed by the MATLAB image analysis package to determine the center of the levitated particle, and the oscillation amplitude was obtained by taking the peak-to-peak difference of the low-pass filtered signal (f pass = 100 Hz and Since the resonance frequency decreases with amplitude, the system is considered to be a 'softening' system 44 . The response becomes more symmetrical and approaches the linear stiffness model as the excitation amplitude decreases. This is caused by the reduction in the response amplitude of particle oscillation, which begins to meet the condition for a linear assumption. The linear stiffness model contains nonlinear damping terms, due to the drag forces, and therefore also exhibits amplitude dependence; however, the resonant frequency is independent of the excitation amplitude and hence still exhibits a characteristic symmetrical frequency response. See supplementary material for the details on the array layout, the method for calculating the pressure field and acoustic radiation force, proof of similarity with a base-excited pendulum, particle properties and the approximation of a linear stiffness. A video of the particle at a period-doubling bifurcation is also available. 
